Given the strong association between bacterial infection and psoriasis, intensive studies have sought to discern the mechanisms by which bacteria participate in the pathogenesis of this common skin disease. Recent studies have demonstrated that streptococcal pyrogenic exotoxins (SPEs) and staphylococcal enterotoxins can act as superantigens (6, 7) , providing plausible mechanisms by which these bacteria could cause an inflammatory skin lesion containing activated T cells and monocytes. The term superantigen (SAg) was coined to describe a family of microbial proteins that are potent stimulators of T cells and macrophages (6, 7) . When bound to MHC class II molecules, SAg's stimulate T cells expressing particular T-cell receptor (TCR) Vβ gene segments (8) . In addition to this ability to activate large numbers of T cells, in vitro studies have reported that SAg's can also activate and stimulate cytokine production from MHC class II-expressing cells, including activated keratinocytes (9) (10) (11) , independent of T cells. The latter effect is transduced through the MHC class II molecule (11) .
The association between SAg's and psoriasis has been strengthened by recent reports culturing streptococcal pyrogenic exotoxin serotype C-producing (SPEC-or scarlet fever type C-producing) group A streptococcus from the oropharynx of patients with acute guttate psoriasis and demonstrating increased numbers of Vβ2-expressing T cells in their lesional skin (5, 12) . In addition, recent studies from 2 separate groups of investigators indicate that normal-appearing skin from psoriatic patients grafted onto immunodeficient mice can be induced to develop into psoriatic lesions by repeated injection with autologous SAg-treated immunocytes (13, 14) . Together, these findings suggest that SAg stimulation can initiate psoriasis. To date, however, there have been no in vivo studies in humans directly examining the effects of SAg's on the uninvolved skin of psoriatic patients. The objective of the present study was to evaluate the reactivity of psoriatic skin to topically applied bacterial SAg's and determine the mechanisms by which they induce skin inflammation in vivo in psoriasis.
Methods
Patients. Fifty-seven adult patients were enrolled into this study. Twenty-six patients with type I (15) psoriasis (age range, 23-52 years; mean, 35 years); 6 patients with atopic dermatitis (age range, 21-28; mean, 25 years), diagnosed according to the Hanifin and Rajka criteria (16) ; and 5 patients with biopsy-proven lichen planus (age range, 24-56 years; mean, 43 years) also participated in this study. Twenty-one subjects (age range, 22-52 years; mean, 32 years) without a personal or family history of skin disease or respiratory allergy were enrolled into the study to serve as normal controls. Patients refrained from using topical medications to the arm undergoing patch testing and from using oral antihistamines for at least 2 weeks before patch testing. None of the patients was on any systemic immunosuppressive drugs, including corticosteroids or cyclosporin. The protocols involving human subjects were approved by the institutional review boards of both the University of Colorado Health Sciences Center and the Indiana University School of Medicine. Informed consent was obtained from all subjects before performing all studies.
Patch-testing protocol. Staphylococcal and streptococcal exotoxins were purified by Patrick M. Schlievert as described previously (17) . In selected experiments, a mutant toxic shock syndrome toxin-1 (TSST-1) protein, G31S/S32P, produced by site-directed mutagenesis was also used. G31S/S32P has previously been demonstrated to lack HLA-DR binding (18, 19) .
A total of 20 µL of 1 µg/mL solutions of highly purified TSST-1, staphylococcal enterotoxin B (SEB), streptococcal pyrogenic exotoxins A and C (SPEA, SPEC) or G31S/S32P in PBS, or PBS alone were placed in 8-mmdiameter Finn chambers (Epitest Ltd., Oy, Finland) and applied to uninvolved skin on the volar forearm. Most experiments used tape-stripping a 2 × 12 cm section of uninvolved skin 100 times with cellophane tape (3M Inc., Minneapolis, Minnesota, USA) before application of the patches. Twenty microliters of 1% (vol/vol) sodium lauryl sulfate (Sigma Chemical Co., St. Louis, Missouri, USA) was used as an irritant control. At 48 hours, the patch tests were removed and clinically assessed. The following clinical measurement system was used to rate the reactions: 0 = no reaction; 1 = nonpalpable macular erythema; 2 = palpable erythema; and 3 = palpable erythema extending beyond the test chamber. After clinical assessment, 4-mm punch biopsies were obtained from the reaction sites, with part fixed in buffered formalin, routinely processed for 4-µm paraffin-embedded sections, and stained with hematoxylin/eosin. The other half was snap-frozen in OCT for immunohistochemical studies.
Quantitation of skin inflammatory cell infiltrate. To quantitate mononuclear inflammatory cells in the dermis of biopsy specimens, an eyepiece counting grid (Olympus Optical Co. Tokyo, Japan) was used at ×200, which provided an area of 0.25 mm 2 . The grid was placed at the left side of the tissue with the top of the grid touching the dermal-epidermal junction. All the mononuclear cells in the grid were counted. Three adjacent 0.25-mm 2 squares were counted lateral to the first to assay a total area of 1.0 mm 2 encompassing the papillary and part of the reticular dermis. Similarly, the grid was placed at the right side of the tissue, and 3 more sections were counted. The counts were averaged and then multiplied by 4 to give the number of mononuclear cells per square millimeter. Duplicate
Figure 1
Typical examples of 48 hours of closed patch testing of exotoxins, PBS vehicle, and SLS on a normal subject (a) and a patient with psoriasis (b). Subjects underwent tape-stripping followed by closed patch testing of exotoxins SEB, TSST-1, SPEA, SPEC, PBS vehicle, or irritant SLS for 48 hours, as outlined in Methods. After removal of patches, the reactions were clinically rated as follows: 0 = no reaction; 1+ = macular erythema; 2+ = palpable erythema; 3+ = palpable erythema extending outside of the patch test site. These reactions were graded as follows: (a) SLS 1+, PBS 0, SPEC 0, SPEA 0, TSST-1 0, SEB 1+; (b) SLS 1+, PBS 0, SPEC 0, SPEA 3+, TSST-1 1+, SEB 2+.
slides from each biopsy were counted and averaged. All cell counts were done by one of the authors (E.R. Farmer) under blinded conditions.
In situ hybridization studies. In these experiments, skin biopsy specimens were fixed immediately in freshly prepared 4% paraformaldehyde/PBS solution for 2 hours, washed in 15% sucrose/PBS 3 times, embedded in OCT compound (Tissue-Tek; Miles Inc., Elkhart, Indiana, USA), and snap-frozen in isopentane cooled in liquid nitrogen. Cryostat sections 5 µm thick were cut on 0.1% poly-L-lysine-coated slides, air-dried overnight at 37°C, and stored at -80°C until used. In situ hybridization studies for IL-4, IFN-γ, and TNF-α mRNA were performed as described previously using digoxigeninlabeled cRNA probes (20, 21) . The following control experiments were also performed: (a) omitting the probe in the in situ hybridization protocol and using a sense dig-labeled riboprobe; (b) pretreatment of slides with RNase A before in situ hybridization; (c) use of an unrelated antisense digoxigenin-labeled RNA probe (human atrial natriuretic polypeptide); and (d) omitting the digoxigenin-alkaline-phosphatase conjugate.
Immunohistochemistry studies. Cryostat sections prepared as described for in situ hybridization studies were used for analysis of HLA-DR expression. Immunoreactivity was assessed by using the alkaline phosphatase antialkaline phosphatase technique and by using either an anti-HLA-DR, anti-CD25, anti-CD4, or anti-CD8 mAb (DAKO Canada Inc.; Mississauga, Ontario, Canada) as described previously (22) . The reaction was viewed with fast red alkaline-phosphatase substrate. As controls, sections were processed in the absence of the primary antibody. System and specificity controls were also included in each staining run, using human tonsils, obtained at routine tonsillectomy operations, and mouse IgG2a myeloma proteins as a negative control.
For studies analyzing TCR Vβ expression, 4-µm cryostat sections were cut, dehydrated in acetone for 10 minutes, and air-dried. Sections were incubated 30-60 minutes at room temperature with the respective mouse anti-human Vβ mAb (Immunotech, Westbrook, Maine, USA), anti-CD3 mAb, or mouse immunoglobulin isotype control (Becton Dickinson Immunocytometry Systems, San Jose, California, USA). Sections were then washed and stained by the labeled avidin biotin method using peroxidaselabeled streptavidin (DAKO) as described previously (5) . Afterward, sections were counterstained with hematoxylin and mounted. Control antibodies were tested on step sections of the same tissue specimens. The negative staining controls were isotype-specific mouse immunoglobulins with irrelevant specificity. Normal human tonsil sections were used as positive controls for Vβ Tcell staining and CD antibodies.
Quantitation and statistical analysis. The readings of all histological, immunohistochemical, and in situ hybridization studies were conducted in blinded fashion without knowledge of the subject's identity or disease condition. Epidermal TNF-α mRNA and HLA-DR immunoreactivity was expressed as percentage of epidermal cells that express TNF-α mRNA or HLA-DR protein. Subepidermal mRNA expression of TNF-α and Eight psoriatic and 6 control subjects who underwent tape-stripping followed by closed patch testing with exotoxins, PBS, and SLS underwent biopsies of the SEB reactions at 48 hours. The data listed are the mean number of mononuclear cells per square millimeter of tissue obtained as outlined in Methods, along with the clinical reaction (graded as outlined in Figure 2 ).
Figure 2
Cutaneous reactivity of exotoxins on tape-stripped skin. Subjects with psoriasis, atopic dermatitis, lichen planus, or normal controls underwent our protocol of epidermal modification followed by closed patch testing. After removal of patches, the reactions were clinically rated as outlined in Figure 1 . *P < 0.001 vs. normal controls.
immunoreactivity for HLA-DR were presented as number of cells per square millimeter. Statistical analyses used the unpaired t test (Instat Program; GraphPad Software for Science Inc., San Diego, California, USA) to assess clinical differences in exotoxin reactivities between subject groups and Wilcoxon rank order test to assess differences between mononuclear cell counts in biopsy specimens from psoriatics and control subjects.
Results
Closed patch testing of SAg toxins. Initially, 6 normal and 4 psoriatic patients underwent closed patch testing with 20 ng TSST-1, SEB, SPEA, and SPEC on uninvolved volar forearm skin. Forty-eight-hour closed patch testing did not induce cutaneous reactions to any of the toxins, yet all experienced a reaction to the irritant (1%) SLS. These preliminary studies suggested that a single application of this concentration of toxins to intact skin was not sufficient to elicit an inflammatory skin reaction. Tape-stripping is a standardized method used to induce epidermal activation and to increase cutaneous absorption by removal of the stratum corneum (23) . To determine whether epidermal modification was required for nanogram amounts of SAg to induce skin inflammatory responses, volar forearm skin was treated with tape-stripping before application of the toxins as described in Methods. Tape-stripping was repeated 100 times, as it has been shown by Nickoloff and Naidu that this protocol resulted in the maximal amount of keratinocyte activation in normal skin (23) .
Using this protocol of epidermal modification and 48 hours of closed patch testing, positive reactions to the SAg's and SLS were noted. No clinical reactions were seen to the PBS vehicle. The SAg reactions consisted of erythematous macules or plaques and were usually asymptomatic. The SLS reactions consisted of erythematous thin plaques, but unlike the SAginduced reactions, were uniformly associated with mild-moderate pruritus. The reactions to SAg's differed greatly among the subjects, however, even the most vigorous (3+) reactions resolved within 1 week. No systemic symptoms, such as fever, headache, dizziness, or presence/worsening of skin rash, were noted in subjects undergoing these protocols.
Although skin reactions were elicited in both psoriatic and normal subjects, psoriatics reacted to more SAg's and with greater intensity than normal subjects. Examples of reactions seen in normal and psoriatic subjects to the various exotoxins are shown in Figure 1 . Figure 2 compares the intensity of clinical reactions exhibited by psoriatic and control subjects. Statistically significant (P < 0.001) increased clinical reactions to SEB, TSST-1, and SPEA were seen in psoriatic versus control populations. Only 4 of 15 psoriatic subjects, but 0 of 15 control subjects reacted to SPEC (not significant). Subjects with atopic dermatitis (6 subjects) or the papulosquamous disease lichen planus (5 subjects) reacted in a similar fashion to normal controls ( Figure 2 ). The cutaneous reactivity to exotoxins correlated with the extent of psoriasis (as assessed by percentage of body surface area involvement) as shown in Figure 3 . As depicted in Figure 3 
Figure 3
Comparison of the cutaneous reactivity of psoriatics to exotoxins with extent of skin disease. At the time of closed patch testing, the amount of disease activity of psoriatic subjects was measured as percentage of body surface area involvement for the comparison. The cumulative clinical reactions to the 4 exotoxins tested were then compared with the percentage of body surface area involvement of psoriasis. The slope of the resulting curve was found to be statistically different from 0 (P < 0.05). Subjects who were found to develop psoriasis lesions in the sites of their skin biopsies (positive isomorphic phenomenon) are depicted by filled circles.
Figure 4
Histological evaluation of exotoxin-induced cutaneous reactions. Biopsies of reactions from subjects undergoing tape-stripping and closed patch testing for 48 hours were formalin-fixed, processed in paraffin, and stained with hematoxylin and eosin. (a) PBS reaction in a normal subject; (b) 1+ reaction to SEB in a normal subject; (c) PBS reaction in a psoriatic patient; and (d) 2+ reaction to SEB in a psoriatic patient.
responders) psoriatic subjects developed psoriatic lesions in the skin biopsy sites. Unlike the SAg-induced cutaneous reactions, those induced by SLS were similar among subjects with psoriasis, atopic dermatitis, lichen planus, and normal controls.
Histological evaluation of SAg-induced reactions. At 48 hours when the patches were removed to assess the clinical reactions, skin biopsies were obtained from some psoriatic and normal subjects for both routine histology and immunohistochemistry. As shown in Figure 4 , the reactions consisted of epidermal and dermal spongiosis, with mononuclear (lymphocytic and monocytic) cell infiltrates, both in the papillary dermis and the epidermis. Neither eosinophils nor neutrophils were seen in significant numbers in the biopsy specimens. In several of the biopsies taken from psoriatic patients, mild epidermal acanthosis was noted. Intrapapillary thinning or neutrophilic microabscesses, characteristic of psoriasis lesions, were not seen. For positive SEB reactions in 8 psoriatic and the 6 normal subjects, the numbers of inflammatory cells were examined. As shown in Table 1 , statistically significant (P = 0.045 by the Wilcoxon rank order test) increased numbers of mononuclear cells were seen in the psoriatic versus control populations.
Characterization of T cells in SAg-induced reactions.
Because selective expansion of TCR Vβ is a hallmark of superantigenic stimulation of T cells (5, 8) , the reactions were assessed for the presence of TCR Vβ expansion by immunohistochemistry. Staining of skin specimens from 6 subjects with positive (48 hours) exotoxininduced reactions with mAb's directed to TCR Vβ 2 (TSST-1 and SPEC reactive), 3 (SEB reactive), 8.1 (SPEA reactive), 12 (SEB and SPEA reactive), and 17 (SEB reactive) failed to demonstrate selective TCR Vβ expansion that correlated with the predicted stimulatory properties of the SAg (data not shown). These findings are in contrast to our ability to demonstrate marked expansion of Vβ2 + T cells in the skin lesions of guttate psoriasis (5) .
We also examined the T-cell infiltrate in skin biopsies of SEB-and PBS-stimulated sites from psoriasis patients for CD25 (as a marker of T-cell activation), CD4, and CD8 expression. SEB-stimulated sites compared with PBS-stimulated sites contained increased numbers of T cells per square millimeter expressing CD25 (54 ± 15 vs. 10 ± 2; P < 0.05), CD4 (160 ± 10 vs. 71 ± 20; P < 0.05), and CD8 (57 ± 7 vs. 23 ± 6; P < 0.05). SEB-stimulated skin sites also expressed increased IFN-γ mRNA (33 ± 4 vs. 8 ± 4 cells/mm 2 ; P < 0.05) expression, but not increased IL-4 mRNA (11 ± 2 vs. 10 ± 6 cells/mm 2 ; P = not significant) expression.
TNF-α mRNA levels in SAg-induced reactions. SAg's have been shown to stimulate human keratinocytes (HKs) to produce TNF-α in vitro (9, 10, 24) . To assess the potential role of cytokines in the modulation of in vivo skin inflammatory responses to SAg's, in situ hybridization studies of the cutaneous reactions were conducted. In these experiments, volar forearm skin was tapestripped and SEB or PBS vehicle was applied. At 6 hours, the patches were removed and TNF-α mRNA levels were assessed in the skin biopsies. In situ hybridization studies of unmodified skin from both normal controls and psoriatics did not reveal significant levels of TNF-α mRNA (data not shown). However, as shown in Figures 5 and 6 , psoriatic skin expressed significantly higher levels of TNF-α mRNA than normal skin after patch testing with SAg's (P < 0.05). Interestingly, TNF-α mRNA was markedly upregulated in the epidermis of SAg-induced skin at the 6-hour time point (Figure 5a ), suggesting that keratinocytes were the initial targets for SEB-induced skin responses.
HLA-DR expression in tape-stripped skin. Significant MHC class II expression is not found on resting normal HKs, although treatment of HKs with cytokines such as IFN-γ results in expression of this protein (25) . HK MHC class II expression, however, is a feature of active psoriatic lesions that is reversed with standard psoriasis treatments including photochemotherapy (26) . Because SAg's can act on keratinocytes through MHC class II molecules independent of T cells (9-11), we assessed HLA-DR expression by immunohistochemistry, in skin biopsies from psoriatics and control subjects, 6 hours after SEB or PBS application. As shown in Figure 7 , psoriatic epidermis had significantly greater (P < 0.05) HLA-DR positivity than that from control subjects. In fact, 6 of 7 psoriatics and 0 of 6 normal patients expressed significant keratinocyte HLA-DR expression. Of note, specimens obtained from baseline uninvolved non-tape-stripped skin revealed 2 of 3
Figure 5
Representative examples of TNF-α mRNA in situ hybridization (a and b) and HLA-DR immunostaining using APAAP technique (c and d).
Shown in a is a representative example of TNF-α mRNA in the epidermis of a skin biopsy from a patient with psoriasis after 6 hours of SEB (×500); b is a skin section probed for TNF-α mRNA from a normal subject after 6 hours SEB (×500); c is an example of HLA-DR immunoreactivity in the epidermis of a patient with psoriasis after SEB application for 6 hours (×500); and d assesses HLA-DR immunoreactivity in the epidermis of a normal subject after SEB application for 6 hours.
psoriatic, but 0 of 3 normal, subjects expressed a significant amount of epidermal HLA-DR. In the 2 psoriatic subjects who expressed significant amounts of HLA-DR (22% and 35% of epidermal cells positive), further increases were not seen after tape-stripping or SAg application. The 1 psoriatic patient who lacked HLA-DR at baseline had no induction of HLA-DR after tapestripping or SAg treatment. The epidermal MHC class II expression in representative psoriatic patients and control subjects after tape-stripping is pictured in Figure 5 , c and d, respectively.
Skin reactivity to the G31S/S32P TSST-1 mutant protein.
To determine whether SAg-induced skin inflammation in psoriasis was HLA-DR dependent, we examined the effects of a mutant TSST-1 protein, G31S/S32P, which does not bind HLA-DR, on uninvolved skin of patients with psoriasis by patch testing. In 5 psoriatic subjects tested, all 5 experienced positive inflammatory skin reactions to TSST (mean score = 1.4+). However, the G31S/S32P TSST mutant protein did not elicit skin inflammation in any of these subjects, even when it was used at concentrations 10-fold higher than used for TSST-1 in Figure 2 .
Discussion
Psoriasis is a common inflammatory autoimmune hyperproliferative skin disease that has a genetic component (reviewed in refs. 1-3, 27) . The triggers that exacerbate psoriasis are important to identify, as they could become important therapeutic targets. Through their ability to act as SAg's, compelling evidence suggests streptococcal and staphylococcal exotoxins can initiate and/or propagate psoriasis in patients who are presumably genetically susceptible (4, 5, 12) . The ability of SAgstimulated immunocytes to induce psoriasis lesions in skin from psoriatic patients grafted to immunodeficient mice (13, 14) has provided a powerful experimental model system to study how these potent immune stimulators can initiate psoriasis. As proposed by Nickoloff and Wrone-Smith (28), T cells activated by SAg's could serve as initiators of the inflammatory events leading to psoriasis, with recruitment of autoreactive T cells important in maintaining the psoriatic phenotype.
Given the accumulating evidence implicating SAg's in the initiation (5, 12) and propagation (4) of psoriasis, the current study examined the ability of topically applied staphylococcal and streptococcal exotoxins to induce cutaneous reactions. However, closed patch testing of 20 ng of TSST-1, SEB, SPEA, and SPEC on intact skin failed to induce a clinical reaction in either psoriatic or normal subjects. Closed patch testing of much higher doses of SEB (10 µg/cm 2 vs. 5 ng/cm 2 used in this study) on the uninvolved skin of subjects with atopic dermatitis has been reported to induce cutaneous reactions (29) , suggesting that our negative findings are probably due to the lower dosages of exotoxins used in this protocol.
One of the important clinical features associated with psoriasis is the presence of the Koebner (isomorphic) phenomenon, where traumatic insult to the skin is followed by new psoriasis lesions in nonlesional psoriatic skin (30, 31) . Prospective studies indicate that cutaneous injuries will induce the Koebner phenomenon in 24-51% of patients and are increased when the disease is active (31) . Repeated tape-stripping is included among the various types of trauma that can elicit the Koebner phenomenon (31, 32) .
That psoriatics can respond to a host of traumatic insults with the initiation of new skin lesions suggested that epidermal barrier function perturbation may be required for development of cutaneous reactivity to low levels of exotoxins. Repeated tape-stripping of normal skin selectively removes the nonviable stratum corneum, which can allow enhanced penetration of many compounds (33) . In addition, this procedure activates keratinocytes within hours, resulting in the upregulation of keratin-16 expression and both cytokine and adhesion molecule transcription (23) . Because studies in normal patients indicate T lymphocytes are not seen in tape-stripped skin for 24 hours (33), this early epidermal activation is believed to be due to resident epidermal cells. Cytokines reported to be induced by epidermal barrier disruption include TNF-α, IFN-γ, IL-8, IL-10, and TGF-α (23, 34) . Similarly, ICAM-1 expression on keratinocytes is enhanced after tape-stripping (23) .
Using tape-stripping to induce mild cutaneous modification, followed by closed patch testing of exotoxins, we observed cutaneous reactions at 48 hours. With both a clinical rating scale and direct measurement of
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Figure 6
Expression of TNF-α mRNA in PBS-and SEB-stimulated skin from patients with psoriasis and from normal controls. As described in Methods, subjects underwent tape-stripping followed by application of either SEB or PBS vehicle for 6 hours, and tissue samples were subjected to in situ hybridization to measure TNF-α gene expression by in situ hybridization.
mononuclear cell infiltrates, psoriatic subjects were found to experience a greater inflammatory skin response to SAg toxins than did normal controls. SEBinduced skin reactions demonstrated increased numbers of IFN-γ, but not IL-4, mRNA + activated CD4 + and CD8 + T cells. This increased reactivity to SAg's was not seen on unaffected skin of patients with active atopic dermatitis or lichen planus. Lichen planus is a nonhyperproliferative papulosquamous disease that was chosen because it is also characterized by an isomorphic phenomenon (35) . The fact that the cutaneous reactivity of subjects with lichen planus was similar to that of normal or atopic subjects suggests that the hyperreactive cutaneous response we report in psoriatic skin is relatively selective for psoriasis. Consistent with the clinical hyperreactivity noted in psoriatic subjects, in situ hybridization studies revealed increased TNF-α mRNA in the epidermis of psoriatic skin within 6 hours of SEB application. Our current finding of increased levels of TNF-α mRNA in vivo is consistent with previous reports that SAg's induce HK to produce TNF-α production in vitro (10, 24) . Although selective expansion of T cells expressing specific TCR Vβ types is a hallmark of SAg stimulation, immunohistochemical studies with a panel of antibodies to various TCR Vβ types did not reveal increased expression of any one type of TCR Vβ in the reactions created through this experimental protocol. These findings contrast with previous reports of Vβ skewing seen in actual lesions of acute guttate psoriasis (5, 12) . The transient nature of lesions induced by epicutaneous application of exotoxins also differs from those of acute guttate psoriasis. One explanation for this dichotomy is that the exotoxins associated with guttate psoriasis are found on mucous membranes of the oropharynx, and release of toxin and/or selectively activated T cells initiates a psoriatic lesion when these activated T cells home to the skin. Of note, SAg-producing Streptococcus is not found on the skin of patients with guttate psoriasis. However, more than 50% of patients with plaque psoriasis do have toxin-producing S. aureus on their skin (2) .
In contrast, the protocol used in this study evaluated the topical application of exotoxins on unaffected skin that not only has been activated, but made more permeable to epicutaneously applied agents due to loss of the stratum corneum. Since significant HLA-DR expression was found in 6 of 7 psoriatic but 0 of 6 normal subjects, we hypothesize that the SAg's interact directly with keratinocyte MHC class II proteins, resulting in keratinocyte cytokine production, with nonspecific Tcell recruitment as a secondary phenomenon. Our finding of HLA-DR expression in the uninvolved skin of psoriatics is consistent with published reports from other laboratories (36, 37) . Although the skin lesions of lichen planus can express HLA-DR, there is no evidence for HLA-DR expression in unaffected skin of such patients (38, 39) . Our current experiments using mutant TSST-1 protein provide direct support for this hypothesis. Thus, G31S/S32P, which does not bind the HLA-DR molecule, did not induce an inflammatory skin repines, indicating that the exotoxin-induced skin changes were not due to a delayed hypersensitivity response to conventional antigen and that exotoxininduced skin inflammation proceeded from HLA-DR-mediated cell activation.
Taken together, these findings suggest an alternative mechanism in vivo by which SAg's may induce cutaneous inflammation in psoriasis. Because psoriatic patients are often colonized with Staphylococcus and Streptococcus (2), and scratching of the skin would be expected to mimic tape-stripping by both compromising the barrier function and activating the epidermis (23) , this alternative mechanism may explain why some psoriatic patients report improvement of their disease activity after treatment with oral antibiotics (40) . It may also account for several reports that fail to demonstrate selective expansion of TCR Vβs in the skin of patients with plaque psoriasis (41, 42) . In this regard, epicutaneous application of SAg's on psoriatic skin may result in an acute inflammatory, HK-mediated response rather than SAg-mediated T-cell activation.
In addition to the ability of a SAg to interact with a HLA-DR-positive keratinocyte, psoriatics might show enhanced skin reactivity in this protocol because they have circulating activated lymphocytes that preferentially enter skin that is tape-stripped. Indeed, increased numbers of activated T cells have been described in psoriatics (41) . Of note, PBMCs from psoriatic patients have been reported to respond more vigorously to SEB and TSST-1 in vitro than have normal control patient populations (43) . As seen in the present study, this
Figure 7
Expression of HLA-DR in PBS-and SEB-stimulated skin from patients with psoriasis and from normal controls. As described in Methods, subjects underwent tape-stripping followed by application of either SEB or PBS vehicle for 6 hours, and tissue samples were subjected to immunohistochemistry to assess HLA-DR protein expression.
increased proliferative response to SAg's correlated with extent of disease activity (44) . The increased cytokine gene and protein expression in psoriatic skin treated with SEB suggests an intrinsic psoriasis epidermal phenotype. This increased response to SEB and the early time course of response (6 hours) suggests an epidermal phenotype that favors stimulation in psoriasis.
As reported here and by Strange et al. (29) , the ability to react to the epicutaneous application of exotoxins is not exclusive to psoriatics. However, the ability of traumatized skin to react to these SAg's appears to be more pronounced in subjects with psoriasis. As has been described with the Koebner phenomenon, this reactivity tends to correlate with disease activity (30, 31) . Of note, 4 of the 5 psoriatic subjects who were found to have the highest cutaneous reactivity to the exotoxins also exhibited the Koebner phenomenon after skin biopsy. Taken together, these findings also suggest that epidermal modification is required for the optimal induction of SAg-induced skin inflammation in psoriasis. Epidermal modification results in the increased exposure of activated MHC class II-expressing keratinocytes to exotoxins; interaction of the SAg with the MHC class II-positive cells then results in the production of proinflammatory cytokines. The observation that atopic dermatitis skin reacted to SAg's in a manner similar to normal skin may be accounted for by the lack of HLA-DR expression on atopic skin (45) .
The further characterization of this cutaneous hyperreactivity might provide exciting new directions for the future unraveling of the genetic and immunological mechanisms involved in psoriasis. Dissection of both genetic and immunological mechanisms involved in this common skin disease should have important consequences for its treatment.
